Suryawan A, Davis TA. The abundance and activation of mTORC1 regulators in skeletal muscle of neonatal pigs are modulated by insulin, amino acids, and age. J Appl Physiol 109: 1448 -1454 , 2010 . First published August 19, 2010 doi:10.1152/japplphysiol.00428.2010.-Mammalian target of rapamycin complex 1 (mTORC1) signaling is crucial for the regulation of protein synthesis. Most of known mTORC1 regulators have been isolated and characterized using cell culture systems, and the physiological roles of these regulators have not been fully tested in vivo. Previously we demonstrated that the insulin (INS) and amino acid (AA)-induced activation of mTORC1 is developmentally regulated in skeletal muscle (Suryawan A et al. Am J Physiol Endocrinol Metab 293: E1597-E1605, 2007. The present study aimed to characterize in more detail the effects of the postprandial rise in INS and AA on the activation and abundance of mTORC1 regulators in muscle and how this is modified by development. Overnight fasted 6-and 26-day-old pigs were studied during 1) euinsulinemic-euglycemic-euaminoacidemic conditions (control), 2) euinsulinemic-euglycemic-hyperaminoacidemic clamps (AA), and 3) hyperinsulinemic-euglycemic-euaminoacidemic clamps (INS). INS, but not AA, enhanced the PRAS40 phosphorylation, and this effect was greater in 6-than in 26-day old pigs. Phospholipase D1 (PLD1) abundance and phosphorylation, and the association of PLD1 with Ras homolog enriched in brain (Rheb), were greater in the younger pigs. Neither INS, AA, nor age altered the abundance of Rheb, vacuolar protein sorting 34 (Vps34), or FK506-binding protein 38 (FKBP38). Although INS and AA had no effect, the abundance of ras-related GTP binding B (RagB) and the association of RagB with Raptor were greater in 6-than in 26-day-old pigs. Neither INS, AA, nor age altered AMPK-induced phosphorylation of Raptor. Our results suggest that the enhanced activation of mTORC1 in muscle of neonatal pigs is in part due to regulation by PRAS40, PLD1, and the Rag GTPases. protein synthesis; insulin signaling; amino acid signaling; PLD1; RagB
DURING THE NEONATAL PERIOD, rapid growth is supported by a high rate of protein synthesis (13) . The profound accretion of skeletal muscle protein is in part due to the ability of neonatal muscle to markedly increase protein synthesis in response to feeding, a response that declines rapidly with development (8, 11) . The postprandial rise in protein synthesis occurs in virtually all tissues of the body in the neonate but is most pronounced in skeletal muscle (8) . Although substantial evidence indicates that insulin and amino acids are the major components responsible for the postprandial increase in protein synthesis in skeletal muscle (9, 10) , the mode of action by which these anabolic agents regulate protein synthesis is not completely understood.
While the insulin signaling pathway that regulates protein synthesis is well characterized, amino acid signaling toward mRNA translation is only beginning to be revealed. Although most of the information regarding the signaling mechanisms that mediate protein synthesis has been generated from cell culture studies (31) , we have shown that in intact animals, insulin and amino acids share common pathways downstream of protein kinase B (PKB) (42) . Unlike insulin signaling, which begins by the activation of the insulin receptor, the starting point of amino acid signaling is largely unknown. However, a common consensus is that amino acids such as leucine initiate signaling downstream of PKB and upstream of mammalian target of rapamycin (mTOR) (32) .
mTOR is a master kinase that is activated by both insulin and amino acids and is an essential component of the signaling pathway that regulates protein synthesis (33, 50) . mTOR exists in two distinct protein complexes: mTORC1, which consists of mTOR, Raptor, and G␤L and is rapamycin sensitive; and mTORC2, which consists of mTOR, Rictor, G␤L, and mSin1 and is rapamycin insensitive (34) . There are four major inputs that regulate the activation of mTOR: nutrients (amino acids), growth factors (insulin), cellular energy levels (AMP:ATP), and stress (hypoxia) (1, 7, 44) . The mechanism by which mTOR is activated by insulin has been well studied (Fig. 1) . There are three possible mechanisms: 1) insulin-activated PKB directly phosphorylates mTOR on the Ser-2448 residue, resulting in the activation of mTORC1 (28); 2) insulin-activated PKB phosphorylates TSC2, resulting in inactivation of the TCS1/TCS2 complex, followed by mTORC1 activation; and 3) insulin-activated PKB phosphorylates PRAS40, causing its detachment from mTORC1 and activation of mTORC1. However, the molecular mechanisms that regulate amino acidinduced mTORC1 activation remain unclear. Studies have identified several potential amino acid signaling components that may serve as regulators of mTOR activation (Fig. 1) .
Ras homolog enriched in brain (Rheb) is a key effector upstream of mTORC1 ( Fig. 1 ) and a major regulator of amino acid sensing toward mTORC1 activation (24, 25) . Although the exact mechanism by which Rheb regulates mTORC1 activation is unclear, recent studies suggest that FK506-binding protein 38 (FKBP38) and phospholipase D1 (PLD1) are involved in Rheb action (4, 39) Since FKBP38 is an mTORC1 inhibitor that binds to mTORC1, the association of Rheb-GTP to FKBP38 interferes with the ability of FKBP38 to block mTORC1 activation (4) . However, several studies also dispute the involvement of FKBP38 as a regulator of mTORC1 (45, 48) . A recent in vitro study suggests that PLD1 engages in amino acid-induced mTORC1 activation and Rheb is its upstream regulator (39) . According to this observation, Rheb directly binds to PLD1 and stimulates the activity of PLD1.
Since PLD1 is an enzyme that generates phosphatidic acid, which has been known to directly activate mTORC1, the role of Rheb in this model is indirect (38) . Yet, another model indicates that Rheb directly binds to mTORC1, resulting in mTORC1 activation (39) .
Vps34 is a type III phosphoinositide-3 kinase (PI3K; Fig. 1 ) that has been proposed to participate in the activation of mTORC1 (3, 6, 49) . Recent evidence suggests that extracellular amino acids can activate Vps34 via Ca 2ϩ , resulting in the activation of mTORC1 (17) . Furthermore, association between Vps34 and mTORC1 was detected and seems to be important for mTORC1 activation (3). Another mTORC1 regulator that has emerged recently is the Rag subfamily of GTPases (Rag A-D) (35, 37) . The exact mechanism by which these signaling components participate in amino acid-induced mTORC1 activation is unclear; however, the binding between Rag A-D and mTORC1 appears crucial for mTOR activation.
The wealth of information regarding the insulin and amino acid signaling pathways that regulate the activation of mTORC1 leading to mRNA translation has been gained primarily from cancer studies, and while these studies provide crucial information for cancer biology, the results cannot be generalized to all cells or tissue types or to all species. In addition, not all functions of these signaling components can be tested with genetic approaches, and thus their role in vivo under normal physiological conditions is not well understood. Therefore, to better understand the mechanisms involved in the regulation of the mTORC1 pathways in vivo, particularly the role of the postprandial rise in insulin and amino acids in regulating these pathways, in this study we examined the independent effects of amino acids and insulin in the activation of mTORC1 regulators in skeletal muscle of neonatal pigs and how these are modulated by development.
MATERIALS AND METHODS
Animals and housing. Two cross-bred (Landrace ϫ Yorkshire ϫ Duroc ϫ Hampshire) pregnant sows (Agriculture Headquarters, Texas Dept. of Criminal Justice, Huntsville, TX) were housed in lactation crates in individual, environmentally controlled rooms 2 wk before farrowing. Sows were fed a commercial diet (no. 5084; PMI Feeds, Richmond, IN) and provided water ad libitum. After farrowing, piglets remained with the sow but were not allowed access to the sow's diet. Piglets were anesthetized for sterile catheter insertion into a jugular vein and carotid artery 3 days before study. Piglets from four litters weighing 1.87 Ϯ 0.32 kg and 5.21 Ϯ 0.79 kg were studied at 6 and 26 days of age, respectively, following a 12-h fast. The protocol, previously described in Suryawan et al. (43) , was approved by the Animal Care and Use Committee of Baylor College of Medicine and was conducted in accordance with the National Research Council's Guide for the Care and Use of Laboratory Animals.
Treatments and infusion. Pigs within each litter were randomly assigned to one of three treatment groups (n ϭ 4 -6 per age group per treatment group): 1) euinsulinemic-euglycemic-euaminoacidemic conditions (control), 2) euinsulinemic-euglycemic-hyperaminoacidemic clamp (AA), and 3) hyperinsulinemic-euglycemic-euaminoaci- demic clamp (INS), as previously described (43) . Briefly, blood samples were obtained and immediately analyzed for glucose (YSI 2300 STAT Plus; Yellow Springs Instruments, Yellow Springs, OH) and total branched-chain amino acids (BCAA; rapid enzymatic kinetic assay) to establish the basal concentration of blood glucose and plasma BCAA to be used during the clamp procedures. To initiate the clamps, a primed, constant (12 ml/h) infusion of insulin (Eli Lilly, Indianapolis, IN) at 0 or 100 ng·kg Ϫ0.66 ·min Ϫ1 was given to achieve plasma insulin concentrations of ϳ3 (fasted insulin) or ϳ30 U/ml (fed insulin level). To clamp glucose and amino acids at fasting levels, venous blood samples were acquired every 5 min and immediately analyzed for glucose and BCAA concentrations. The infusion rate of dextrose (Baxter Healthcare, Deerfield, IL) was adjusted to maintain blood glucose concentrations within Ϯ10% of the basal fasting concentrations. Euaminoacidemia was obtained by adjusting the infusion rate of a balanced amino acid mixture (10) to maintain plasma BCAA within 10% of fasting levels. Hyperaminoacidemia was obtained by infusion of a balanced amino acid mixture to raise plasma BCAA concentrations by twofold the fasting level to reproduce the level of amino acids present in the fed state. Blood samples also were taken at intervals for later determination of circulating insulin concentrations.
Tissue protein synthesis in vivo. Fractional rates of protein synthesis were measured with a flooding dose of L- [4- 3 H]phenylalanine (Amersham Biosciences, Piscataway, NJ) injected 30 min before the end of the infusion (43) . Protein synthesis (Ks, expressed as % protein synthesized in a day) was calculated as: Ks (%/day) ϭ [(Sb/Sa) ϫ (1,440/t)] ϫ 100, where Sb is the specific radioactivity of the proteinbound phenylalanine, Sa is the specific radioactivity of the tissue free phenylalanine for the labeling period determined from the value of the animal at the time of tissue collection and corrected by the linear regression of the blood-specific radioactivity of the animal against time, and t is the time of labeling in minutes. Pigs were killed at 120 min, and longissimus dorsi muscle samples were collected and immediately frozen in liquid nitrogen and stored at Ϫ70°C until they were analyzed.
Muscle homogenates. Frozen longissimus dorsi muscle samples were homogenized and centrifuged at 10,000 g for 10 min at 4°C (43) . The protein concentration was determined in the supernatant by the Bradford method (5). Supernatants were diluted in sample buffer and stored at Ϫ70°C until analysis.
Protein immunoblot analysis. Equal amounts (50 g) of extracted protein were electrophoretically separated in polyacrylamide gels and transferred to a polyvinylidene difluoride (PVDF) membrane (BioRad, Hercules, CA), which was incubated with appropriate primary antibodies followed by appropriate secondary antibodies as previously described (43) . Blots were developed using an enhanced chemiluminescence kit (Amersham), visualized, and analyzed using a ChemiDoc-It Imaging System (UVP, Upland, CA). The phosphorylation of each signaling protein was normalized by dividing its values with the values of its protein abundance in the samples. Primary antibodies that were used in the immunoblotting were mTOR (total and Ser-2448; Cell Signaling Technology, Danvers, MA), PRAS40 (total and Thr-246; Cell Signaling Technology), Rheb (Cell Signaling Technology), Raptor (total and Ser-792; Cell Signaling Technology), PLD1 (total, Thr-147 and Ser-561; Cell Signaling Technology), Vps34 (Cell Signaling Technology), FKBP38 (MBL International, Woburn, MA), and Rag B (Abcam, Cambridge, MA).
Analysis of protein-protein interaction. To determine the association between a signaling component with its alleged partners (Rheb-FKBP38, Rheb-PLD1, Vps34-mTOR, and Rag A/B-Raptor), muscle samples were homogenized in CHAPS buffer as previously described (43) . Briefly, the CHAPS buffer (40 mM HEPES, pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM ␤-glycerolphosphate, 40 mM NaF, 1.5 mM sodium vanadate, 0.3% CHAPS, 0.1 mM PMSF, 1 mM benzamidine, and 1 mM DTT) was used for tissue homogenization. The homogenate was mixed on a platform rocker for 30 min at 4°C and then centrifuged at 1,000 g centrifugation for 3 min (4°C). The protein concentration was determined in the supernatant by Bradford method (5). The supernatant containing 500 g of protein was combined with 2 l of anti-Rheb, -mTOR, or -Raptor antibody and mixed on a platform rocker overnight at 4°C. Following the incubation, the immune complexes were isolated with a goat antimouse/donkey anti-rabbit BioMag IgG (PerSeptive Diagnostics, Cambridge, MA) bead slurry. The magnetic bead complexes were collected using a magnetic stand, washed twice with CHAPS buffer, and once in CHAPS buffer containing 200 mM instead of 120 mM NaCl and 60 mM instead of 40 mM HEPES. The precipitates were rinsed with 100 l of 1ϫ SDS sample buffer and then boiled for 5 min and centrifuged to collect the supernatant. The samples were subjected to SDS-PAGE followed by immunoblotting with anti-FKBP38 antibody, anti-PLD1 antibody, anti-Vps34 antibody, and anti-Rag B antibody. The protein-protein complexes were normalized by the appropriate protein abundance in the precipitates.
Statistics. Two-way ANOVA was used to assess the effect of insulin, amino acids, age, and their interaction on the abundance and activation of signaling components leading to translation initiation. When significant interactions were detected, the value in each treatment group for each age was compared with the control value by use of t-tests. Probability values of P Ͻ 0.05 were considered statistically significant. Data are presented as means Ϯ SE.
RESULTS

Signaling components that regulate mTORC1 activation.
In our previous study, we demonstrated that insulin and amino acids independently stimulate mTORC1 activation and these effects are reduced by development (43) . In the present study, we concentrated our efforts on the role of signaling components downstream of PKB/Akt that have been purported to regulate mTORC1 activation.
The phosphorylation of PRAS40 (Thr-246) was robustly increased by insulin, but not by amino acids, and the effect of insulin was greater in 6-than in 26-day-old-pigs ( Fig. 2A) . AMPK-induced phosphorylation of Raptor, a potent inhibitory signal for mTORC1 activation, was unaffected by insulin or amino acids and did not change with age (Fig. 2B) .
To determine the involvement of PLD1 in the activation of mTORC1 activation, we determined PLD1 abundance, phosphorylation, and association with Rheb. Although neither insulin nor amino acids had any effect, we found that the abundance as well as the association of PLD1 with Rheb were greater in 6-than in 26-day-old-pigs (Fig. 3 , A and D, respectively). Furthermore, the phosphorylation of PLD1 at Thr-147 and Ser-561 also decreased with development but were unaffected by insulin and amino acids (Fig. 3, B and C, respectively).
We examined the possible roles of FKBP38 and Vps34 in the activation of mTORC1 in vivo by measuring their abundance and protein-protein interactions (FKBP38-Rheb and Vps34-mTOR). The abundances of both FKBP38 and Vps34 were unaffected by insulin and amino acids and did not change with age (Fig. 4, A and B, respectively) . We tried to determine the associations between FKBP38 and Rheb and between Vps34 and mTOR. However, we could not detect any proteinprotein interactions of these signaling components.
Finally, to examine the possible role of the Rag protein family (A, B, C and D) on mTORC1 activation in vivo, we measured Rag B abundance and the association of RagB with Raptor. Even though we found that neither insulin nor amino acids affected Rag B abundance or RagB-Raptor association, both of these parameters were significantly higher in 6-than in 26-day-old-pigs (Fig. 5, A and B, respectively) .
DISCUSSION
Feeding is one of the multiple factors that regulates the growth of skeletal muscle in neonates (9) . In previous studies (12, 41), we showed that feeding stimulates skeletal muscle protein synthesis through the activation of signaling pathways leading to mRNA translation and this effect decreases with development. Recently, we shown that the fractional rate of protein synthesis in the longissimus dorsi, a skeletal muscle that primarily contains fast-twitch glycolytic fibers, was independently stimulated by insulin and amino acids and these effects were significantly greater in 6-than in 26-day-old-pigs (43) . Furthermore, mTOR phosphorylation (Ser-2448), an indicator of mTORC1 activation and an important positive regulator of protein synthesis, was independently activated by insulin and amino acids and this activation was reduced with development. However, the signaling components that regulate mTORC1 in vivo have not been elucidated.
The master kinase, mTOR, plays a crucial role in physiological processes including cell growth (2) . Scientists have studied signaling factors that regulate the activation of mTORC1 for some time using simple and reliable methods such as in vitro and cell culture systems. However, these methods inherently possess a number of limitations including unphysiological conditions that probably are not feasible in vivo and the use of immortal cell lines. Furthermore, only some of the signaling factors have been tested genetically. Thus, to more fully understand the regulation of mTORC1 signaling, it is important to study intact animals under normal physiological conditions. In this study, we report novel findings regarding signaling factors that regulate the activation of mTORC1 in skeletal muscle of neonatal pigs, and how these factors are affected by insulin, amino acids, and age.
PRAS40 has been identified as a potent negative regulator of mTORC1 when it binds to the complex, and in response to insulin, PRAS40 dissociates from mTORC1 (14, 29, 46) . The interaction of PRAS40 with mTORC1 is induced under conditions that inhibit mTORC1 activation such as nutrient deprivation (14) . Furthermore, mTOR and PKB can phosphorylate PRAS40 at Ser-221 and Thr-246, respectively, causing the dissociation of PRAS40 from the complex and the activation of mTORC1 (47) . In this study, we found that insulin, but not amino acids, enhanced PRAS40 phosphorylation at Thr-246 (a PKB phosphorylation site), and this effect was reduced with development. Interestingly, a recent study by Sanchez-Canedo et al. (36) revealed that leucine induces the phosphorylation of PRAS40 at this site in a PDK-1-dependent manner in mature heart, thus undermining the notion that Thr-246 is an exclusive target for PKB.
Genetic studies in the mouse demonstrated that Raptor plays an essential role in the activation of mTORC1 (16) . Although the exact mechanism by which Raptor regulates mTORC1 activation is not fully understood, the consensus is that it has to bind to mTORC1 to activate this kinase (19, 51) . In support of this, we (40) and others (30) have found that the rapamycininduced reduction in mTORC1 activation results in the dissociation of Raptor from the mTORC1 complex. Recently, Raptor was reported to be phosphorylated by AMPK at Ser-792 causing the inhibition of mTORC1 (18) . In our present study, we found that Raptor phosphorylation (Ser-792) was not affected by insulin or amino acid stimulation and did not change with age. This is consistent with our previous finding that AMPK activation is not affected by feeding status (20, 40) .
PLD1 has been shown to activate mTORC1 through the generation of phosphatidic acid (38, 39) . A recent study in HEK 293 cells found that PLD1 was involved in the amino acid-induced activation of mTORC1 (39) . A mechanism proposed for the activation of mTORC1 by PLD1 involves the binding of Rheb to PLD1 (39) . The phosphorylation of PLD1 at Thr-147 and Ser-561 is partly responsible for the activation (23) demonstrated that mutation at Thr-147 and Ser-561 residues significantly impaired the activation of PLD1. They further showed that protein kinase C␣ (PKC␣) is responsible for the phosphorylation of these residues (23) . Insulin can activate PKC isoforms including PKC␣ (15); however, whether amino acids can do similar tasks is unknown. In our laboratory, we have not determined the effect of insulin, amino acids, or development on the abundance and the activation of PKC. In the present study, we found that the abundance of PLD, the formation of the PLD1-Rheb complex, and the phosphorylation of PLD1 on Thr-147 and Ser-561 were significantly higher in 6-than in 26-day-old pigs. The greater PLD1 phosphorylation and abundance of the PLD1-Rheb complex in 6-than in 26-day-old were positively associated with the developmental change in the activation of mTORC1. This suggests that younger pigs have a higher PLD activation compared with their older counterparts. However, further studies are needed to evaluate the effects of insulin and amino acids on the activation of PLD1 in whole animals.
Another proposed mechanism by which Rheb regulates the activation of mTORC1 is by binding to FKBP38, a potent mTORC1 inhibitor (4, 26) . Rheb association with FKBP38 is thought to allow the removal of this inhibitor from mTORC1 (4) . However, this model was challenged by several investigators who found that FKBP38 is not involved in mTORC1 activation (45, 48) . In our present study, we found no developmental regulation of FKBP38 abundance and we were unable to detect an interaction of FKBP38 with Rheb. Thus our data support the notion that FKBP38 does not play an important role in mTORC1 activation, although further in vivo studies are warranted.
Several reports suggest an important role of Vps34, a type III PI 3-kinase, in mediating amino acid-induced activation of mTORC1 (3, 6, 49) . It was demonstrated that in order for Vps34 to activate mTORC1, it binds to the complex in a Ca 2ϩ -dependent mechanism (17) . In the present study, the Vps34 protein abundance was unaffected by age and an interaction of Vps34 with mTOR complex was not detectable. To this point, we are not aware of any in vivo finding of a Vsp34-mTOR association. Interestingly, a genetic study using the fruitfly (Drosophila) demonstrated that deletion of the Vps34 gene has no effect on dTORC1 activation (21) . It was speculated that Vps34 participates in amino acid signaling to TORC1 only in vertebrate and mammalian cells (3, 49) . A recent study in fasting rats showed that an exercise-induced increase in intramuscular leucine was associated with an increase in Vps34 activity and the activation of mTORC1 (27) . The possible role of Vps34 in the amino acid-induced mTORC1 activation after feeding requires further study.
Recently, two separate investigators identified the Rag subfamily of GTPases (Rag A, B, C, and D) as new components in the amino acid-dependent pathway that regulates mTORC1 activation (22, 35) . Although the exact mechanism is unclear, Sancak et al. (35) proposed that amino acids, by promoting Rag A/B GTP charging, enhance Rag interaction with Raptor and the recruitment of mTORC1 to the (rab-7-containing) membrane compartment that contains the mTORC1 proximal activator, Rheb, and that this process is required for mTORC1 activation. Our results show for the first time that RagB abundance and its association with Raptor are greater in 6-dayold pigs compared with older pigs. The absence of an amino acid effect on RagB-Raptor association may be due to the timing of the harvest of the skeletal muscle during the in vivo clamp procedure.
Perspectives
Our study presented herein is likely to be one of only a handful of studies on the regulation of mTORC1 activation using whole animals. Of the several mTORC1 regulators we studied, PRAS40, Rheb, PLD1, and Rag proteins were found to be significant players for mTORC1 activation in skeletal muscle of neonatal pigs. The physiological conditions of this study do not support the previous in vitro reports of an effect of amino acids on mTORC1 activation by FKBP38 and Vps34. Interestingly, our previous study (40) also showed that while S6K1 and 4EBP1 phosphorylation, indicators of mTORC1 activation, were increased by amino acids, AMPK and TSC1/2 were unaffected. Because the exact mechanism by which anabolic factors, such as amino acids, regulate mTORC1 activation is not fully understood, further in vivo studies are warranted.
